HE importance of monitoring the CBV during perioperative management is widely recognized in critically ill patients. [6] [7] [8] [9] Recently, ICG pulse spectrophotometry has been developed to facilitate minimally invasive, subsequent measurement of CBV by progressively estimating the arterial concentration of ICG. [6] [7] [8] [9] In the neurosurgical unit, information on CBV would be beneficial for management of patients with SAH, severe head injury, or cerebral infarction, or those experiencing cardiac or other complications. It is well understood that CBV decreases while water accumulation is observed in the interstitial space after cardiac surgery during which there was extracorporeal circulation with hemodilution.
potension was not used during aneurysm surgery. All patients received antibiotic agents intraoperatively. The estimated blood loss was between 150 ml and 800 ml (mean 390 Ϯ 210 ml). Four patients received blood transfusions intraoperatively. Patients received intravenous fluid in amounts ranging from 850 to 7400 ml (mean 2357 Ϯ 1618 ml). The intraoperative total water balance (including blood balance) was between Ϫ1400 ml and 4450 ml (mean 1090 Ϯ 1283 ml). Mannitol was infused in five patients to decrease intracranial hypertension. The duration of surgery was 120 to 932 minutes (mean 358 Ϯ 229 minutes).
Postoperatively, no surgery-related complications were observed in the patients. Antibiotic agents, histamine blocker, and crystalloid fluid infusion were used routinely postoperatively. Glycerol and/or steroid medications were used when brain edema was seen on postoperative computerized tomography scanning.
Data Collection
Measurements were performed five times throughout the study: preoperatively (in the ward at 8:00 a.m. at the time of premedication), immediately postoperatively (in the intensive care unit after the patient was transferred from the operating room), and 1, 2, and 7 days following neurological surgery. The following physiological parameters were measured each time: CBV; plasma levels of adrenaline, noradrenaline, AVP, renin, aldosterone, ANP, BNP, total protein, and albumin; COP; RBC count; amount of Hb; hematocrit; serum sodium and potassium levels; and urine sodium levels.
Circulating blood volume was measured using ICG pulse spectrophotometry; 6-9 adrenaline and noradrenaline by using high-performance liquid chromatography; AVP, renin, aldosterone, ANP, and BNP by using a commercially available radioimmunoassay kit; COP by using a transducer-membrane system (Colloid Osmometer, model 4420; Wescor, Inc., Logan, UT); and other blood and chemical parameters with the aid of an automatic analyzer.
Statistical Analysis
All data were stored on a personal computer and analyzed using a statistical software program (StatView; SAS Institute, Inc., Cary, NC). The sodium balance during surgery was examined using a paired t-test. Data collected sequentially were examined by repeated-measures analysis of variance. Correlations of measured indices to CBV during the entire study and CBV change following craniotomy were examined using a partial correlation coefficient. Unless otherwise noted, data are presented as the means Ϯ SD. 
Results
The mean preoperative value of CBV was 82 ml/kg, which decreased to 64 ml/kg (78%) immediately postoperatively and gradually recovered to 82 ml/kg on Day 7 following craniotomy (Fig. 1) . The change in CBV between the preoperative and postoperative states was not related to the duration of surgery, type of anesthesia, blood pressure, agents used during surgery, water balance, estimated blood loss, or the presence or absence of mannitol. Sodium intake was 222 Ϯ 152 mEq and output was 109 Ϯ 64 mEq during surgery. The mean sodium balance was 113 Ϯ 137 mEq (p = 0.0151). Urine sodium was 67 Ϯ 30 mEq/L during surgery.
The mean values of adrenaline and noradrenaline were highest immediately postoperatively. Adrenaline levels decreased rapidly, whereas noradrenaline decreased gradually to Day 7 following craniotomy. These changes over time were significant (Fig. 2) . The mean values of AVP, renin, and aldosterone changed similarly to those of adrenaline and noradrenaline (Fig. 3) .
The mean values of ANP had two peaks: immediately postoperatively and on Day 2 following craniotomy. The mean value of BNP was highest on Day 2, but the change over time was not significant (Fig. 4) .
The mean values of the RBCs, Hb, and hematocrit decreased gradually to Day 2 and increased on Day 7 following craniotomy. The change over time was significant (Fig. 5) . The mean value of serum sodium (141 mEq/L preoperatively) was lowest immediately postoperatively (136 mEq/L) and then increased. It was 138 mEq/L on Day 1, 140 mEq/L on Day 2, and 139 mEq/L on Day 7 postsurgery. The change over time was significant (Fig. 5) .
The mean values of total protein, albumin, and COP decreased immediately postoperatively and on Days 1 and 2 in the same degree. The values increased on Day 7 postsurgery. The changes over time were significant (Fig. 6) . Table 1 shows partial correlation coefficients of CBV to measured indices. Those of noradrenaline and serum sodium were Ϫ0.43 (p Ͻ 0.0036) and 0.418 (p Ͻ 0.0048), respectively. Moderate correlations were also seen between CBV and total protein, and between CBV and the hematocrit. However, there were no correlations between CBV and albumin or between CBV and RBCs. There was also no correlation between CBV and COP.
Discussion
The CBV decreased postoperatively to approximately four fifths of its preoperative value and gradually increased and returned to its preoperative value on Day 7 following craniotomy. The reduction in CBV 2 days after cardiac surgery has been reported to be 11.8%. 2 Postoperative hypovolemia should be noted even in a small surgical field such as craniotomy. 1 Judging from the positive water and sodium balance, the amount of decreased CBV may move to the interstitial compartment. A more general application of these observations is preferable to replication of the results under a more stringently controlled series of patients in which the anesthesia regimen is identical.
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Circulating blood volume following craniotomy The endocrine-metabolic response to surgical and anesthetic stress includes release of adrenocorticotropic hormone, cortisol, growth hormone, prolactin, adrenaline, noradrenaline, antidiuretic hormone, renin, and aldosterone, which cause a catabolic state designed to stimulate and increase the healing process. 6, 12, 13, 17, 19 All of the stress hormones measured in our study were elevated during the postoperative state and soon decreased. Of these hormones, the change in noradrenaline over time was adversely correlated with CBV. Plasma noradrenaline levels result from an overflow of noradrenaline released from sympathetic nerves, whereas adrenaline levels are derived from adrenomedullary secretion. 5 The increased sympathetic activity may be related to the reduction in CBV. 12 It depends on an increase in filtration pressure between the intravascular and extravascular compartments. Capillary pressure is sensitive to changes in postcapillary resistance; the increase in venous pressure produced by adrenaline or noradrenaline, as reflected by a rise in venous tone, results in a loss of fluid to the extravascular space. Cytokine release and systemic inflammatory response occurring during surgery promote an acute-phase response by endocrine, metabolic, and systemic changes including alteration of capillary permeability. 2, 5 This may also be a mechanism of the promotion of fluid shift.
Activation of the renin-angiotensin-aldosterone system leads to sodium retention, causing a shift of fluid into the circulation. Arginine vasopressin is also involved in the conservation of body water by favoring the reabsorption of solute-free water. In spite of the increase in these hormones in our study, CBV decreased. The responses of these hormones during surgery may be complex, affect each other, and influence the fluid retention in the body but not in the circulation. 4 What could be an indicator of CBV change in routine examinations? Hypovolemia could be suspected from a postoperative decrease in serum sodium. Serum sodium correlated well with CBV following craniotomy during the entire study. Hyponatremic hypovolemia may be induced by the shift of fluid and sodium to the interstitial space due to surgical stress. The fluid stored in the interstitial compartment may move to the intravascular space with a decrease in filtration pressure. Diuresis may be activated by ANP and BNP, which were elevated during the postoperative period. On postoperative Day 7 the balance of fluid and sodium between the intravascular and interstitial compartments may have returned to that of the preoperative state.
Measurement of CBV may be useful for monitoring fluid distribution. [6] [7] [8] [9] Radioactive isotopes have been used to measure CBV, but these methods are not suitable for routine bedside use. The integrated pulse spectrophotometry monitoring system is less invasive and can be repeatedly applied within a short period without blood sampling. This method is useful for estimating the CBV of neurosurgical patients with a single bolus injection of ICG.
Hypovolemia has been shown to increase the incidence of cerebral ischemia and cerebral infarction in patients with SAH. Depression of CBV after surgery may accelerate ischemia caused by cerebral vasospasm. 10, 11, 14, 15, 18 Hypervolemia and hypertensive therapy can prevent ischemic neurological deficits. 16 However, no monitoring system has been used for estimating CBV other than the Swan-Ganz catheter. Indocyanine-green pulse spectrophotometry could be a powerful tool for the management of patients with SAH.
Conclusions
We should pay attention to decreased CBV following craniotomy, which is caused by the shift of fluid to the interstitial space due to surgical stress. Hypovolemia can be suspected from a postoperative decrease in serum sodium. 
